INTRODUCTION
============

The free radical theory of aging suggests that normal aging is due to the accumulation of intracellular damage with time mainly caused by cellular free radicals [@b1-cln_70p380]. Free radicals are byproducts of cellular metabolism, and the most abundant free radicals in cells are reactive oxygen species (ROS). Cells use both anti-oxidant enzymes, such as catalase and superoxide dismutase, and anti-oxidant molecules, including glutathione, vitamin E, and vitamin C, to eliminate harmful ROS. However, ROS that escape these cellular defense systems react with other molecules and cause oxidative damage to critical cellular macromolecules, such as DNA, protein, and lipids [@b2-cln_70p380]. A positive correlation has been observed between chronological age and the level of cellular oxidative damage in many experimental organisms [@b3-cln_70p380]. In addition, 8-hydroxy-2-deoxy-guanosine (a product of DNA oxidative damage) and lipid peroxidation (oxidative damage to lipids) are widely used as molecular markers of aging in model organisms. However, the role of anti-oxidant enzymes in the normal aging process and in the determination of lifespan remains controversial [@b4-cln_70p380].

Nutritional antioxidants act through different mechanisms, including neutralization of free radicals, reduction of peroxide concentrations, repair of oxidized membranes, and decreased ROS production [@b5-cln_70p380]. The effect of dietary anti-oxidant molecules on aging has been studied in various species. Resveratrol, a polyphenol found in red wine, reduces the incidence of many age-related diseases, including neurodegeneration, carcinogenesis, and atherosclerosis [@b6-cln_70p380][@b7-cln_70p380]. Dietary supplementation with resveratrol extends the lifespan of *Sacchromyces cerevisiae*, *C. elegans* and *Drosophila melanogaster* [@b8-cln_70p380][@b9-cln_70p380]. The lifespan-extending effect of resveratrol has also been observed in the vertebrate *Nothobranchius furzeri* [@b10-cln_70p380]. Vitamin E supplementation in mice delays age-related transcriptional changes in the heart and brain and prolongs both the mean and maximum lifespan [@b11-cln_70p380][@b12-cln_70p380]. Dietary supplementation of anti-oxidant polyphenols found in green tea and curcumin also extend the lifespan of supplemented mice [@b13-cln_70p380]. An *Acanthopanax sessiliflorus* leaf extract increases resistance to oxidative stress and extends the lifespan of *C. elegans* [@b14-cln_70p380]. The anti-oxidant tempol partially prevents age-related transcriptional changes and significantly reduces mortality in mice [@b15-cln_70p380][@b16-cln_70p380]. In contrast, some anti-oxidants fail to show a lifespan-extending effect. For example, middle age-onset dietary supplementation with coenzyme Q~10~ or α-lipoic acid significantly mitigates tumor incidence but does not change the lifespan of mice [@b17-cln_70p380].

N-acetyl-L-cysteine (NAC) is a sulfur-containing amino acid derivative with an acetyl group attached to the L-cysteine nitrogen. NAC is a strong anti-oxidant and has liver-protecting activity [@b18-cln_70p380]. Supplementation with NAC increases resistance to oxidative stress caused by ROS by elevating intracellular levels of glutathione [@b19-cln_70p380]. NAC is also involved in the cellular detoxification of heavy metal ions, such as lead, mercury, and arsenic [@b20-cln_70p380]. Lymphocyte and phagocyte membrane function is also enhanced by NAC [@b21-cln_70p380]. NAC also has anti-cancer activity, as demonstrated by the inhibition of angiogenesis by endothelial cells during cancer invasion or metastasis [@b22-cln_70p380].

In this study, we examined the effect of NAC supplementation on resistance to various environmental stressors, including oxidative stress, heat shock, and ultraviolet (UV) irradiation *in vivo*. We also determined whether NAC can extend lifespan and affect fertility, which is closely related to aging. Finally, the expression of genes believed to be predictive molecular markers for longevity in *C. elegans* was monitored.

MATERIALS AND METHODS
=====================

Worm strains and maintenance
----------------------------

The N2 CGCb strain (C. elegans Genetics Center, Minneapolis/St. Paul, MN, USA) was used as the wild-type in all experiments. The green fluorescent protein (GFP)-expressing strains, CL2070 (dvIs70 \[Phsp-16.2::GFP, rol-6\]) and CF1553 (muIs84 \[Psod-3::GFP, rol-6\]) were purchased from the C. elegans Genetics Center. The worms were maintained on NGM (25 mM NaCl, 1.7% agar, 2.5 mg/mL peptone, 5 μg/mL cholesterol, 1 mM CaCl2, 1 mM MgSO4, and 50 mM KH2PO4 pH 6.0) plates at 20°C. *Escherichia coli* OP50 was used as a food source.

Resistance to oxidative stress
------------------------------

Five L4/young adult worms were transferred to a fresh NGM plate and permitted to lay eggs for 5 h. After removing the five adult worms, the eggs were maintained at 20°C for 3 days. Sixty age-synchronized worms were transferred to a fresh NGM plate containing different concentrations of NAC (0, 5, 10, 50, and 100 mM). 5-fluoro-2'-deoxyuridine (12.5 mg/L; Sigma-Aldrich, St. Louis, MO, USA) was also added to prevent internal hatching. After 24 h, 20 mM paraquat (methyl viologen dichloride hydrate, Sigma-Aldrich) was added to the NGM plates to induce oxidative stress in the worms. Thereafter, dead worms were counted three times per day until all of the worms were dead. We used the log-rank test for statistical analysis [@b23-cln_70p380].

Lifespan assay
--------------

Sixty age-synchronized worms were transferred to NGM plates containing different concentrations of NAC (0, 1, 2, and 5 mM) and 12.5 mg/L 5-fluoro-2'-deoxyuridine. Thereafter, live worms were transferred to a fresh NGM plate every 2-3 days and counted every day until all of the worms were dead. The lifespan of the worms exposed to NAC was compared to those of untreated control worms using the log-rank test [@b23-cln_70p380].

Heat shock stress resistance
----------------------------

Age-synchronized 3-day-old worms were picked from a NGM plate and transferred to a fresh NGM plate containing 5 mM NAC. After 24 h, the worms were transferred to a 35°C incubator for 10 h to induce heat shock stress. Then, the worms were transferred back to 20°C. Survival rates after 24 h at 20°C were compared between the control and NAC-treated worms. We used the standard two-tailed Student's t-test for statistical analysis.

UV resistance
-------------

Sixty age-synchronized worms were treated with 5 mM NAC for 24 h and then exposed to UV (20 J/cm^2^/min) for 1 min in a 254 nm-UV crosslinker (BLX-254; Vilber Lourmat, France). Thereafter, dead worms were counted every day until all of the worms were dead. Resistance to UV was compared between the control and NAC-treated worms using the log-rank test [@b23-cln_70p380].

Fertility assay
---------------

Five L4/young adult stage worms were transferred to a fresh NGM plate containing 5 mM NAC and permitted to lay eggs for 5 h. The eggs were maintained at 20°C for 2 days. A single worm was transferred to a fresh NGM plate containing 5 mM NAC every day until it laid no eggs. Eggs spawned by a single worm were incubated at 20°C for 48 h, and the number of progeny produced was recorded on each day. The average number of progeny produced by 10 worms treated with 5 mM NAC was compared to those produced from the control worms.

Expression of age-related reporters
-----------------------------------

Age-synchronized CL2070 and CF 1553 worms containing the *hsp-16.2* and *sod-3* GFP reporters, respectively, were exposed to 5 mM NAC at 20°C for 7 days. Then, the worms were mounted on a glass slide coated with 2% agarose and anaesthetized with 1 M sodium azide. After covering the slide with a coverslip, expression of each reporter was observed using a confocal microscope (Olympus FV10i, Olympus, Tokyo, Japan). The total fluorescence intensity of a randomly selected single worm was quantified with a fluorescence multi-reader (Infinite F200, Tecan, Grodig, Austria).

RESULTS
=======

Increased resistance to induced oxidative stress by NAC in *C. elegans*
-----------------------------------------------------------------------

To examine the effect of NAC on the response to oxidative stress, we monitored the survival of worms under oxidative stress conditions with or without NAC. Exposure to a NAC concentration lower than 10 mM conferred increased survival under oxidative stress conditions compared to that of the untreated control ([Figure 1](#f1-cln_70p380){ref-type="fig"}). The mean survival time increased from 101.4 h in untreated control worms to 135.3, 146.5, and 136.7 h in 1, 5, and 10 mM NAC-treated worms, respectively. The largest effect was observed in worms exposed to 5 mM NAC (44.5% increase in mean survival time, *p*\<0.001). However, 50 mM NAC had a negative effect on the resistance to oxidative stress in *C. elegans*, as the mean survival time decreased to 77.6 h. We observed the same dose-dependent anti-oxidative stress effect of NAC in a repeated experiment. The mean survival time increased significantly with 5 and 10 mM NAC treatment, whereas 50 mM NAC reduced resistance to oxidative stress. The most effective concentration of NAC was 5 mM in a replicative experiment, as observed in the first experiment (data not shown).

Lifespan extension with NAC treatment
-------------------------------------

We examined whether NAC could affect *C. elegans* lifespan. NAC supplementation significantly extended both the mean and the maximum lifespans of *C. elegans* ([Figure 2](#f2-cln_70p380){ref-type="fig"}). Among three different NAC concentrations tested, the lifespan-extending effects of 5 mM NAC was greater than that of 1 and 2 mM NAC. The mean and the maximum lifespan values of untreated control worms were 11.1 and 17 days, respectively. The mean lifespan was extended up to 18.3 days with 5 mM NAC treatment, and maximum lifespan increased by 8 days ([Table 1](#t01-cln_70p380){ref-type="table"}). The effect of NAC on the longevity calculated using the mean lifespan of untreated and 5 mM NAC-treated worms was 30.5% (*p*\<0.001, [Table 1](#t01-cln_70p380){ref-type="table"}). An independent repeat experiment also showed a significant lifespan-extending effect following supplementation with 5 mM NAC ([Table 1](#t01-cln_70p380){ref-type="table"}). These findings indicate that the most effective NAC concentration for resistance to oxidative stress and longevity in *C. elegans* is 5 mM.

Effect of NAC on response to environmental stressors
----------------------------------------------------

We also measured the change in the response of *C. elegans* to heat shock and UV irradiation following NAC supplementation. We used a NAC concentration of 5 mM for these experiments because it was the most effective in altering the resistance to induced oxidative stress and extending the lifespan of *C. elegans*. NAC-treated worms showed increased survival after 10 h of 35°C heat stress compared to the untreated control worms (*p*=0.009). The mean survival was 40.0±2.30% (mean±standard error of the mean (SEM) of five independent experiments) in NAC-treated worms, whereas only 29.6±2.01% of the untreated worms survived after 10 h of 35°C heat stress ([Figure 3A](#f3-cln_70p380){ref-type="fig"}). Resistance to UV irradiation also increased significantly with NAC treatment. Adult worms exposed to 5 mM NAC survived longer than the untreated control worms after UV irradiation ([Figure 3B](#f3-cln_70p380){ref-type="fig"}). The mean survival time was 2.4±0.15 h (mean±SEM of three independent experiments) in the untreated worms and 3.4±0.27 h in NAC-treated worms. NAC supplementation increased mean survival time to 54.1, 52.1, and 24.1% in repeat experiments.

Effect of NAC on reproduction
-----------------------------

Previous studies have reported that many long-lived *C. elegans* mutants exhibit a reduced reproductive capacity phenotype [@b24-cln_70p380][@b25-cln_70p380][@b26-cln_70p380]. Next, we determined whether the NAC lifespan-extending effect also affected reproduction. To our surprise, the fertility of worms supplemented with 5 mM NAC was higher than that of the untreated control worms. The total number of progeny produced increased significantly following exposure to NAC ([Figure 4A](#f4-cln_70p380){ref-type="fig"}). Untreated control worms produced 325.6±20.67 (mean±SEM of 10 worms) progeny, whereas 414.2±12.22 progeny were produced by the NAC-treated worms (*p*=0.002). We also measured the time-course distribution of the number of progeny produced throughout the *C. elegans* gravid period. The worms exposed to NAC produced more progeny than that of the untreated control worms ([Figure 4B](#f4-cln_70p380){ref-type="fig"}). The number of progeny produced by NAC-treated worms increased from 149.4±8.59 to 181.9±5.39 on day 3. Control worms produced 134.0±15.08 progeny and NAC-treated worms produced 176.5±6.69 progeny on day 4. Interestingly, the gravid period was extended by the NAC treatment ([Figure 4B](#f4-cln_70p380){ref-type="fig"}). Our fertility assay showed that worms under normal conditions produced progeny for 6 days. However, worms supplemented with NAC produced progeny for 8 days (days 2-9 after egg-lay).

Induction of age-related genes by NAC
-------------------------------------

Expression of a GFP reporter coupled to the *hsp-16.2* promoter is positively correlated with an organism's lifespan [@b27-cln_70p380]. In addition, fluorescence conferred by *sod-3::*GFP declines with normal aging and is associated with the remaining lifespan [@b28-cln_70p380]. These findings suggest that both *hsp-16.2* and *sod-3* can be used as predictive molecular markers of *C. elegans* longevity. In this study, we examined whether *hsp-16.2* and *sod-3* expression was up-regulated in the long-lived NAC-treated worms. Expression of these longevity fluorescent markers increased significantly in response to NAC treatment. The *hsp-16.2::*GFP gene was markedly induced by 5 mM NAC treatment ([Figure 5A](#f5-cln_70p380){ref-type="fig"}). GFP fluorescence intensity increased from 24,576±1,016.2 (mean±SEM of 20 individual worms) in the control to 27,196±575.8 in NAC-treated worms (*p*=0.031) ([Figure 5B](#f5-cln_70p380){ref-type="fig"}). Supplementation with 5 mM NAC also induced *sod-3* expression ([Figure 5A](#f5-cln_70p380){ref-type="fig"}). The fluorescence intensities of *sod-3::*GFP were 26,398±533.5 and 28,023±253.9 in the control and NAC-treated worms, respectively (*p*=0.009) ([Figure 5B](#f5-cln_70p380){ref-type="fig"}).

DISCUSSION
==========

The free radical theory of aging suggests that the age-related accumulation of oxidative damage caused by free radicals is a major causal factor in aging [@b1-cln_70p380][@b29-cln_70p380]. Many studies have revealed that lifespan-extending interventions are also effective for resisting oxidative stress. Long-lived *C. elegans* genetic mutants, such as *daf-2* and *age-1*, show increased survival under oxidative-stress conditions [@b30-cln_70p380]. Dietary supplementation with anti-oxidants also confers both increased resistance to oxidative stress and longevity. Chicoric acid, a strong ROS scavenger, decreases cellular ROS levels and significantly extends lifespan in *C. elegans* [@b31-cln_70p380]. Treatment with metformin, an anti-diabetic drug, increases both resistance to oxidative stress and lifespan [@b32-cln_70p380]. Recent studies using plant extracts also indicate a positive correlation between oxidative stress and longevity. An *Alpinia zerumbet* leaf extract induces expression of the superoxide dismutase 3, an anti-oxidant gene, and exhibits a lifespan-extending effect [@b33-cln_70p380]. Protection against oxidative stress and an increased lifespan is also observed in *C. elegans* following treatment with extracts from *Acanthopanax sessiliflorus* leaves [@b14-cln_70p380]. The commercially available herb mixture KPG-7 reduces the cellular levels of oxidized proteins and increases lifespan [@b34-cln_70p380]. Previous studies have shown that dietary uptake of NAC increased the lifespan of *Drosophila melanogaster* in a dose-dependent manner [@b35-cln_70p380]. In *C. elegans*, ingestion of liposome with NAC also extended lifespan [@b36-cln_70p380]. In our study, resistance to oxidative stress increased markedly following NAC dietary supplementation, and both the mean and maximum lifespan were significantly extended by NAC. These findings suggest that the lifespan-extending effect of NAC could be due to its oxidative stress protecting activity in *C. elegans* and provide supportive evidence for the free radical theory of aging. In contrast, the elevated superoxide and extended lifespan conferred by mutations in genes involved in mitochondrial electron transport chain are abolished by NAC, suggesting a hormesis effect of superoxide in *C. elegans* [@b37-cln_70p380]. Our results showed that a high concentration of NAC, 50 mM, decreased resistance to oxidative stress, whereas 5 mM NAC increased resistance to oxidative stress and the lifespan. Interestingly, the lifespan of wild-type N2 was not affected by a high concentration of NAC (500 mM) [@b37-cln_70p380]. Therefore, the hormesis effect generated by a low concentration of NAC could be another possible mechanism of lifespan extension by NAC.

Many lifespan-extending genetic or nutritional interventions in *C. elegans* also induce increased resistance to environmental stressors. The *age-1* mutation shows resistance to oxidative stress, heat stress, UV irradiation, and heavy metal exposure [@b38-cln_70p380][@b39-cln_70p380][@b40-cln_70p380][@b41-cln_70p380]. *Daf-2* mutants also have an extended lifespan as well as increased thermotolerance [@b24-cln_70p380][@b42-cln_70p380]. Interestingly, worms whose germ-line precursor cells are ablated are long-lived and resistant to thermal stress [@b43-cln_70p380]. A recent study showed that an *Acanthopanax sessiliflorus* extract reduces susceptibility to heat stress and UV irradiation [@b14-cln_70p380]. Worms grown in media prepared with electrolyzed-reduced water live longer than worms cultured in distilled water and also have increased resistance to heat shock and UV irradiation [@b44-cln_70p380][@b45-cln_70p380]. We found that 5 mM NAC was the most effective concentration for resistance to oxidative stress and longevity in *C. elegans*. NAC (5 mM) also increased survival after heat shock and UV irradiation. Our findings indicate a positive correlation between lifespan extension and increased resistance to environmental stressors, including oxidative stress, heat shock, and UV irradiation, in *C. elegans*. NAC is a well-known precursor to an anti-oxidant, glutathione. Therefore, additional data regarding the change in cellular level of glutathione and ROS can provide a critical clue for the anti-stress responsive role of NAC.

It has been suggested that there is a trade-off between survival and fitness in lifespan-extending interventions. Resveratrol increases both the mean and maximum lifespan in *C. elegans* but causes a significant reduction in fecundity during the early gravid period [@b46-cln_70p380]. Treatment with blueberry polyphenols confers increased resistance to heat stress and extends lifespan, and the age-related decline in pharyngeal pumping rate is delayed [@b47-cln_70p380]. The disposable soma theory of aging suggests that the distribution of cellular resources between cellular fitness and reproductive behavior plays a pivotal role in normal aging [@b48-cln_70p380]. Ablation of germ-line precursor cells results in increased lifespan in *C. elegans* [@b49-cln_70p380]. In contrast, we did not observe a reduced reproductive rate as a trade-off for lifespan extension caused by NAC, as the total number of progeny increased. Long-lived worms cultured in medium prepared with electrolyzed-reduced water also produce more progeny compared to that of a control [@b44-cln_70p380]. Therefore, it seems that NAC increases *C. elegans* survival without reducing fertility. However, there could be other trade-offs that were not examined in this study that are associated with increased lifespan induced by NAC.

Previous studies have found that differential expression of *hsp-16.2::*GFP affects lifespan: worms expressing a high level of *hsp-16.2*::GFP live longer than worms expressing a low level of *hsp-16.2*::GFP, and the ability to express different levels of *hsp-16.2*::GFP is inherited [@b27-cln_70p380][@b50-cln_70p380]. Another well-known transcriptional marker of physiological age is *sod-3*: *sod-3::*GFP expression is positively correlated with remaining lifespan in *C. elegans* [@b28-cln_70p380]. Expression of both *hsp-16.2*::GFP and *sod-3::*GFP increased significantly in long-lived worms treated with 5 mM NAC, indicating the ability of NAC to induce longevity-assuring transcriptional alterations.

Taken together, our results suggest that dietary supplementation with NAC can modulate an organism's response to environmental stressors and aging, potentially through the induction of stress-responsive transcriptional markers and genes associated with longevity. Further studies should identify the cellular signaling pathways involved in NAC-induced longevity and reveal the underlying cellular mechanisms of aging in *C. elegans*.
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![Effect of NAC on resistance to oxidative stress in *C. elegans*. Age-synchronized young adult worms were supplemented with different NAC concentrations for 24 h (*n*=60). Then, the worms were exposed to 20 mM paraquat, an oxidative stress inducer, and the survival of the worms was monitored three times per day until all worms were dead. Oxidatively stressed worms not treated with NAC were used as a control.](cln-70-05-380-g001){#f1-cln_70p380}

![Lifespan of *C. elegans* treated with different concentrations of NAC. Age-synchronized 3-day-old worms were treated with different NAC concentrations throughout their lifespan (*n*=60). Both the mean and the maximum lifespan increased significantly in the 2 and 5 mM NAC treated groups (*p*\<0.05 by the log-rank test). Untreated worms were used as a control.](cln-70-05-380-g002){#f2-cln_70p380}

![Response to environmental stressors with or without NAC treatment. (A) Survival after 10 h of heat stress was compared between untreated control and 5 mM NAC-treated worms. Data show the average of five independent experiments. (B) Time-course survival of worms after UV irradiation was monitored every hour. Values are means of three independent experiments. Asterisk indicates a significant difference (*p*\<0.05 by Student's *t* test). Error bars indicate SEM.](cln-70-05-380-g003){#f3-cln_70p380}

![Effect of NAC on *C. elegans* fertility. The number of progeny produced by gravid worms treated with or without NAC was monitored (*n*=10). (A) Total number of progeny. Worms exposed to NAC produced significantly more progeny during their gravid period than that of untreated worms (B) Time-course distribution of progeny. NAC-treated worms produced more progeny on days 3 and 4 after egg-laying compared to that by untreated controls and extended their gravid period by 2 days. Asterisk indicates a significant difference (*p*\<0.05 by Student's *t* test). Error bars indicate SEM.](cln-70-05-380-g004){#f4-cln_70p380}

![*hsp-16.2* and *sod-3* expression in *C. elegans* treated with 5 mM NAC. Age-synchronized 3-day-old young adult worms were transferred to NGM plates containing 5 mM NAC and cultured for 7 days. (A) Total GFP fluorescence of each whole worm was compared between control and NAC-treated worms for each gene. (B) GFP fluorescence intensity was quantified with a fluorescence multi-reader. Data are mean fluorescence intensity per worm for each gene (n=20) treated with or without 5 mM NAC. Asterisk indicates significant difference (*p*\<0.05 by Student's *t* test). Error bars indicate SEM.](cln-70-05-380-g005){#f5-cln_70p380}

###### Lifespan-extending effect of N-acetyl-L-cysteine in *C. elegans.*

                                **Conc. (mM)**   **Mean lifespan(day)**[1](#tfn1-cln_70p380){ref-type="table-fn"}   **Maximum lifespan(day)**[2](#tfn2-cln_70p380){ref-type="table-fn"}   *p***-value**[3](#tfn3-cln_70p380){ref-type="table-fn"}   **% increase**[4](#tfn4-cln_70p380){ref-type="table-fn"}
  ------------------ --------- ---------------- ------------------------------------------------------------------ --------------------------------------------------------------------- --------------------------------------------------------- ----------------------------------------------------------
  1^st^ Experiment    Control         0                                        11.1                                                                 17                                                                                             
                        NAC           1                                        14.2                                                                 21                                                            \<0.001                                                     28.1
                                      2                                        14.1                                                                 20                                                            \<0.001                                                     27.1
                                      5                                        18.3                                                                 25                                                            \<0.001                                                     30.5
  2^nd^ Experiment    Control         0                                        14.2                                                                 21                                                                                             
                        NAC           1                                        14.9                                                                 23                                                             0.215                                                      5.2
                                      2                                        15.0                                                                 23                                                             0.211                                                      6.1
                                      5                                        16.2                                                                 25                                                             0.003                                                      14.6

^1^Mean lifespan is the day when 50% of worms survived.

^2^Maximum lifespan is the greatest age reached by the last surviving worm.

^3^*p*-value was calculated using the log-rank test by comparing the survival of control and NAC-treated groups.

^4^% effects were calculated by (*A*-*C*)/*C*\*100, where *A* is the mean lifespan of *C. elegans* treated with each concentration of NAC and *C* is the mean lifespan of control.
